We report plasma-enhanced chemical vapor deposition (PECVD) hydrogenated nano-crystalline silicon (nc-Si:H) thin films. In particular, the effect of hydrogen dilution ratio (R = H 2 /SiH 4 ) on structural and optical evolutions of the deposited nc-Si:H films were systematically investigated including Raman spectroscopy, Fourier-transform infrared spectroscopy (FTIR) and low angle X-ray diffraction spectroscopy (XRD). Measurement results revealed that the nc-Si:H structural evolution, primarily the transition of nano-crystallization from the amorphous state to the nanocrystalline state, can be carefully induced by the adjustment of hydrogen dilution ratio (R). In addition, an in situ plasma diagnostic tool of optical emission spectroscopy (OES) was used to further characterize the crystallization rate index (H α */SiH*) that increases when hydrogen dilution ratio (R) rises, whereas the deposition rate decreases. Another in situ plasma diagnostic tool of quadruple mass spectrometry (QMS) also confirmed that the "optimal" range of hydrogen dilution ratio (R = 30-40) can yield nano-crystalline silicon (n-Si:H) growth due to the depletion of higher silane radicals. A good correlation between the plasma characteristics by in situ OES/QMS and the film characteristics by XRD, Raman and FTIR, for the transition of a-Si:H to nc-Si:H film from the hydrogen dilution ratio, was obtained.
Introduction
Hydrogenated nanocrystalline silicon (nc-Si:H) is a promising material to have distinguishing characteristics of higher carrier mobility, greater doping efficiency and efficient visible photoluminescence [1] [2] [3] . Generally, the re-crystallization technique such as rapid thermal annealing [4] , excimer laser [5] , and aluminium induced crystallization [6] were typically used to obtain the nc-Si:H films with a variety of applications in silicon-based tandem device solar cells [7, 8] , photovoltaic and optoelectronic devices [9] .
On the other hand, several chemical vapor deposition (CVD) techniques have been widely used to deposit the thin films include hot wire CVD (HW-CVD) [10] , layer-by-layer (LBL) deposition [11] , magnetron sputtering [12] , electron cyclotron resonance CVD [13] , and plasma enhanced CVD (PECVD) [11] and its variant, very high frequency plasma-enhanced chemical vapor deposition (VHF-PECVD) [14] . In particular, PECVD is the one of the standard industrial processes in the solar cells and Thin-Film Transistor (TFT) technology.
In the PECVD growth of thin films, critical process conditions, including the gas flow composition, chamber environment, RF power density [15, 16] , process gas mixtures of hydrogen (H 2 ) and silane (SiH 4 ) [17, 18] , should be carefully monitored. Therefore, plasma diagnostics is essentially useful for investigations of thin film growth plasma conditions. Several diagnostic tools such as optical emission spectroscopy (OES) [19, 20] and quadrupole mass spectrometry (QMS) [21] [22] [23] were previously reported to in situ monitor the plasma chemistry. The deposited thin films can be further characterized by Fourier-transform infra-red spectroscopy (FTIR) [24, 25] , X-ray diffraction spectroscopy (XRD) and Raman spectroscopy such that the structure of the materials can be extensively investigated. For the low temperature deposition of polycrystalline silicon and solar cell applications, a thorough review had been reported and the characteristics of deposition and physical properties were comprehensively indicated to be the guiding parameters for achieving poly Si films at high deposition rates [26] .
In this paper, we present the effect of hydrogen dilution ratio (R = H 2 /SiH 4 ) on structural and optical properties of PECVD nc-Si:H films. In addition, Raman spectroscopy and XRD tools are performed to study the growth of a-Si:H transition to nanocrystalline silicon (nc-Si:H). By varying the hydrogen dilution ratio, the film properties were experimentally correlated with the emission intensities of the excited radicals from plasma diagnostic tools of OES and QMS. The obtained results demonstrated that hydrogen dilution ratio (R) played a critical role in PECVD nc-Si:H films.
Experimental
Intrinsic hydrogenated nanocrystalline silicon (nc-Si:H) films were PECVD deposited with silane and hydrogen which were used as a source gas and diluent, respectively. The main purpose of this study aims to quantatively characterize the amorphous to nano-crystalline transition, therefore, a systematic variation of hydrogen dilution ratio (R = H 2 /SiH 4 ) of 5-40 was carried out with RF power frequency 13.56 MHz and substrate temperature (210 • C). For characterization purpose, films were deposited on 2 × 2 cm 2 Cz(100) n-type 1-5 Ωcm 2 single-side polished wafer and Corning eagle XG glass (Corning Incorporated, Corning, NY, USA). Prior to deposition, the wafers were cleaned using H 2 O 2 :H 2 SO 4 = 1:2 solution for 5 min, followed by dipping in 2% HF for 1 min to remove native oxide, rinsed in DI water, dried in N 2 atmosphere and then the wafers were immediately transferred into vacuum chamber to prevent wafers from the native oxide layer growth.
Raman spectroscopy (Horiba iHR550, Irvine, CA, USA), Fourier-transform infrared spectroscopy (FTIR-Perkin Elmer Spectrum 100, Shelton, CT, USA), Quadruple mass spectrometry (QMS-Hiden PSM003P, Warrington, United Kingdom), Optical emission spectroscopy (OES-ocean optics usb2000+, Winter Park, FL, USA), X-ray diffraction spectroscopy (XRD-PANalytical Empyrean, Royston, United Kingdom) measurements were performed. The film thicknesses were measured using a profilometer of Alpha-step (KLA-Tencor D-300, Milpitas, CA, USA). OES measurement was primarily used to investigate the in situ excited radicals inside plasma. QMS is adopted to quantitatively monitor the plasma condition in assisting the development of deposition process.
Films were deposited in a commercially available PECVD unit (Creating Nano-Technologies, PE-001, Tainan, Taiwan) as schematically shown in Figure 1 . This parallel plate PECVD reactor with two attached plasma in situ diagnostics of OES and QMS on the side is used. The in situ QMS was applied and the position of the QMS orifice is fixed to the chamber wall quartz window. Threshold ionization mass spectrometry (TIMS) was also used to detect atomic mass unit (amu) in the range of 0-90 and the time resolution is set at~240 s sweeping time during measurements. The process chamber was kept at a base pressure less than 10 −6 Torr via the coupled turbo molecular pump (TMP). The detailed deposition parameters are illustrated in Table 1 . Figure 1 . Schematic diagram of the PECVD equipment with a 13.56 MHz radio frequency (RF) and in situ plasma diagnostic tool of OES and QMS on the side. H2 gas, SiH4 gas and Ar gas are introduced in the chamber from upstream of the plasma zone. Figure 2 shows the relationship between the deposition rate (black circle line), SiH*/Ar and Hα*/Ar ratio as extrapolated from optical emission spectra as a function of different hydrogen dilution ratio (R = H2/SiH4). In Figure 2 , the intensity of the Hα*/Ar ratio is comparatively higher than that of the SiH*/Ar counterpart for the hydrogen dilution ratio (R), which is greater than 20. It was experimentally observed that the deposition rate decreases with the increase in hydrogen dilution ratio (R). Similar trends between the SiH* intensity and the deposition rate were reported [27] , and, furthermore, ion bombardment [28] and hydrogen etch (Hα*/Ar ratio) [29] impact will result in heavy defects and easily crumbled film. Thus, the deposition rate decreases as hydrogen dilution ratio increases, as shown in Figure 2 . Figure 2 shows the relationship between the deposition rate (black circle line), SiH*/Ar and H α */Ar ratio as extrapolated from optical emission spectra as a function of different hydrogen dilution ratio (R = H 2 /SiH 4 ). In Figure 2 , the intensity of the H α */Ar ratio is comparatively higher than that of the SiH*/Ar counterpart for the hydrogen dilution ratio (R), which is greater than 20. It was experimentally observed that the deposition rate decreases with the increase in hydrogen dilution ratio (R). Similar trends between the SiH* intensity and the deposition rate were reported [27] , and, furthermore, ion bombardment [28] and hydrogen etch (H α */Ar ratio) [29] impact will result in heavy defects and easily crumbled film. Thus, the deposition rate decreases as hydrogen dilution ratio increases, as shown in Figure 2 . 
Results and Discussion

Effect of the Hydrogen Dilution Ratio on the Deposition Rate
Low Angle XRD Analysis
XRD patterns of five typical samples under the same RF power (100 W) but different hydrogen dilution ratios are presented in Figure 3 . The transformation from the amorphous to the partially crystalline state can be observed for peaks at angles 28.5°, 47.2° and 56.2°, as assigned to Si(111), Si(221) and Si(311) reflection planes of faced-centered cubic silicon, respectively. 
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XRD patterns of five typical samples under the same RF power (100 W) but different hydrogen dilution ratios are presented in Figure 3 . The transformation from the amorphous to the partially crystalline state can be observed for peaks at angles 28.5°, 47.2° and 56.2°, as assigned to Si(111), Si(221) and Si(311) reflection planes of faced-centered cubic silicon, respectively. In the case of low hydrogen dilution ratio (R = 5), no crystal grains and apparent structural evolution were detected in the a-Si:H thin films. Further increasing the hydrogen dilution ratio (R = 10 and 20) still shows amorphous films centered at 2θ~27.5 • . On the other hand, films deposited with higher hydrogen dilution ratio (R = 30 and 40) the XRD pattern show three peaks at 2θ~27. [30] . The higher the dilution ratio R, the crystal grain size increases (as evidenced from Raman spectra) with higher crystallinity (the volume fraction of partially nanocrystalline structure) with the increase of the hydrogen dilution ratio. Therefore, it is concluded that the hydrogen dilution ratio in PECVD is a critical processing factor for the growth of nc-Si:H films.
Raman Spectroscopy Analysis
Raman spectroscopy is used to investigate the nanocrystalline structure of deposited films. Figure 4 shows the Raman spectra of the nc-Si:H films deposited at different hydrogen dilution ratio (R) ranging from 5 to 40. The volume fraction of crystallites (X Raman ) and crystallite size (d Raman ) of nc-Si:H films can be calculated using the Levenberg-Marquardt method by de-convoluting into three peaks as a crystalline peak (~510 cm −1 ), an amorphous peak (~475 cm −1 ) and an intermediate peak (~490 cm −1 ), respectively [31] . Typical de-convoluted Raman spectra for nc-Si:H film deposited at R = 40 are shown in Figure 5 . The crystalline fraction (X Raman ) can be calculated [31] :
where I C , I m and I a are the integrated intensity of 520 cm −1 (the crystalline phase), 500 cm −1 (the intermediate phase) and 480 cm −1 (the amorphous phase). The crystallite size (d Raman ) can also be calculated:
where ∆ω is the peak shift compared to c-Si peak located~520 cm −1 and β = 2.0 cm −1 nm 2 [8] .
At a low hydrogen dilution ratio (R = 5, 10 and 20) as seen in Figure 4 , the deposited films show the typical a-Si:H absorption peak centered~480 cm −1 . However, the onset of nanocrystallization can be experimentally observed of the film deposited at a hydrogen dilution ratio (R = 30), which corresponds to the Transverse Optic (TO) phonon peak centred −507 cm −1 of the nanocrystalline phase [32] . For this film, X Raman is calculated~86.13% and d Raman is~2.46 nm. Further increasing in hydrogen dilution ratio (R = 40), the peak shifts towards~509 cm −1 which indicates the increase in the volume fraction of crystallites and its size. For this film, X Raman is~89.25% and d Raman is~2.68 nm. The increase in hydrogen dilution ratio (R) in PECVD results in an amorphous-to-nanocrystalline transition in the film. Previously reported similar results for nc-Si:H films deposited by using layer-by-layer (LBL) deposition [33] and increasing RF power [30] concurrently promotes the hydrogen etching and nano-crystallization in the films. Therefore, Raman spectroscopy analysis indicates that the critical process parameter includes both hydrogen dilution ratio and RF power in PECVD, which are functionally equivalent to induce nc-Si:H films. The Raman spectra of the amorphous Si films for the peak at 480 cm −1 for the dilution ratio (R = 5, 10 and 20) were measured and the full width at half maximum (FWHM) was calculated as 46.8 cm −1 , 48.4 cm −1 , and 54.3 cm −1 , respectively. The above measurement is in agreement with the reported Raman spectra [34] of the amorphous Si films such that the FWHM is around 53 ± 7 cm −1 . 
Fourier Transform Infra-Red (FTIR) Spectroscopy Analysis
In order to investigate the hydrogen bonding and resultant total hydrogen content in the nc-Si:H film, FTIR spectra of different dilution ratios are performed in Figure 6 . It can be measured that two major absorption bands centered at~620 and~2000 cm −1 (wagging/stretching modes, respectively), which are closely related to the vibrations of mono-hydrogen (Si-H) bonded species [35] . The spectra also exhibit an absorption peak centered at~1060 cm −1 , which can be Si-O-Si stretching vibrations of a typical undoped nc-Si:H thin films [36] . In addition, a lesser intensity peak centered at~885 cm −1 has been observed as the bending vibrational modes of Si-H 2 [37] . With the increase in hydrogen dilution ratio (R), the intensity of absorption band at~620 cm −1 also incrementally increases. In summary, the increase of hydrogen dilution ratio (R) will promote the increased intensity at~620 cm −1 while as absorption band centered at~2000 cm −1 shifts incrementally toward the peak at 2100 cm −1 . The di-hydride (Si-H 2 ) and poly-hydride (Si-H 2 ) n bonded species can be assigned as~2100 cm −1 stretching vibrational modes [38] . The experimental results indicate that, with an increase in hydrogen dilution ratio (R), the absorption peak shifts from Si-H to Si-H 2 and (Si-H 2 ) n bonded species in films. In addition, it has been reported that the integrated intensity of the peak at 620 cm −1 is the best reliable measure of hydrogen content (C H ) [39] by taking the oscillator strength value [37] . 
In order to investigate the hydrogen bonding and resultant total hydrogen content in the nc-Si:H film, FTIR spectra of different dilution ratios are performed in Figure 6 . It can be measured that two major absorption bands centered at ~620 and ~2000 cm −1 (wagging/stretching modes, respectively), which are closely related to the vibrations of mono-hydrogen (Si-H) bonded species [35] . The spectra also exhibit an absorption peak centered at ~1060 cm −1 , which can be Si-O-Si stretching vibrations of a typical undoped nc-Si:H thin films [36] . In addition, a lesser intensity peak centered at ~885 cm −1 has been observed as the bending vibrational modes of Si-H2 [37] . With the increase in hydrogen dilution ratio (R), the intensity of absorption band at ~620 cm −1 also incrementally increases. In summary, the increase of hydrogen dilution ratio (R) will promote the increased intensity at ~620 cm −1 while as absorption band centered at ~2000 cm −1 shifts incrementally toward the peak at 2100 cm −1 . The di-hydride (Si-H2) and poly-hydride (Si-H2)n bonded species can be assigned as ~2100 cm −1 stretching vibrational modes [38] . The experimental results indicate that, with an increase in hydrogen dilution ratio (R), the absorption peak shifts from Si-H to Si-H2 and (Si-H2)n bonded species in films. In addition, it has been reported that the integrated intensity of the peak at 620 cm −1 is the best reliable measure of hydrogen content (CH) [39] by taking the oscillator strength value [37] . Figure 7 shows the relationship between the hydrogen content (C H ) and different hydrogen dilution ratio (R). It is experimentally demonstrated that hydrogen content initially increases with the increase in dilution ratio (R) from 10 to 20, then drops abruptly in the R range of 20-30, and follows the gradually increasing hydrogen content as R values from 30 to 40. A previously reported hydrogen rich study indicated that an increase in RF power promotes the silane dissociation and produces more SiH x (x = 1, 2, 3) radicals [40] as well as the increased electron temperature [41] . In our study, RF power is set at 100 W, while the hydrogen dilution ratio (R) shows the similar impact such that the hydrogen rich precursors have higher sticking probability as the hydrogen content increases. A similar trend also indicates that an increase in hydrogen dilution ratio (R) also boosts the density of atomic H in the deposition chamber and further enhances the surface diffusion with a hydrogen-accumulated growing surface [42] . Both the synergetic effect of the hydrogen etching effect [43] and amorphous-to-nanocrystalline transition can be observed in a hydrogen dilution ratio (R) range of 30-40, which is in agreement with the Raman shift in Figure 4 .
Coatings 2018, 8, x FOR PEER REVIEW 8 of 13 Figure 7 shows the relationship between the hydrogen content (CH) and different hydrogen dilution ratio (R). It is experimentally demonstrated that hydrogen content initially increases with the increase in dilution ratio (R) from 10 to 20, then drops abruptly in the R range of 20-30, and follows the gradually increasing hydrogen content as R values from 30 to 40. A previously reported hydrogen rich study indicated that an increase in RF power promotes the silane dissociation and produces more SiHx (x = 1, 2, 3) radicals [40] as well as the increased electron temperature [41] . In our study, RF power is set at 100 W, while the hydrogen dilution ratio (R) shows the similar impact such that the hydrogen rich precursors have higher sticking probability as the hydrogen content increases. A similar trend also indicates that an increase in hydrogen dilution ratio (R) also boosts the density of atomic H in the deposition chamber and further enhances the surface diffusion with a hydrogenaccumulated growing surface [42] . Both the synergetic effect of the hydrogen etching effect [43] and amorphous-to-nanocrystalline transition can be observed in a hydrogen dilution ratio (R) range of 30-40, which is in agreement with the Raman shift in Figure 4 . Figure 8a shows a series of OES of RF glow discharges of Hα*/SiH* and Si*/SiH* with a different dilution ratio (R). The main characteristic spectra of excited radicals correspond to the emission of SiH* (414.30 nm), Hα (486.10 nm), Hβ (656.30 nm), Ar* (750.30 nm) and O* (844.30 nm), which is directly correlated with the SiH4 electron collision and dissociative excitation. Spatially resolved OES measurements can be used to record the SiH radicals in axial concentration profiles. Plots of crystallization rate indexes (Hα*/SiH*) and electron temperature indexes (Si*/SiH*) versus dilution ratio (R) are shown in Figure 8b . The result shows that the crystallization rate index (Hα*/SiH*) increases when the dilution ratio rises, resulting in the opposite trend of the deposition rate. On the other hand, the electron temperature (Si*/SiH*) is increasing along with a dilution ratio (R) increase, causing increased ion bombardment [29] and thus decreasing the deposition rate. Figure 8a shows a series of OES of RF glow discharges of H α */SiH* and Si*/SiH* with a different dilution ratio (R). The main characteristic spectra of excited radicals correspond to the emission of SiH* (414.30 nm), H α (486.10 nm), H β (656.30 nm), Ar* (750.30 nm) and O* (844.30 nm), which is directly correlated with the SiH 4 electron collision and dissociative excitation. Spatially resolved OES measurements can be used to record the SiH radicals in axial concentration profiles. Plots of crystallization rate indexes (H α */SiH*) and electron temperature indexes (Si*/SiH*) versus dilution ratio (R) are shown in Figure 8b . The result shows that the crystallization rate index (H α */SiH*) increases when the dilution ratio rises, resulting in the opposite trend of the deposition rate. On the other hand, the electron temperature (Si*/SiH*) is increasing along with a dilution ratio (R) increase, causing increased ion bombardment [29] and thus decreasing the deposition rate. 
Optical Emission Spectra (OES) Spectroscopy Analysis
Quadruple Mass Spectra (QMS) Spectroscopy Analysis
Measured results of QMS during nc-Si:H deposition in Figure 9 indicates some distinguishably identified fingerprints of the radicals SiH x + (0 < x < 4 ). The TIMS method shows the trends in relative densities of four mono-silane radicals (SiH 3 + , SiH 2 + , SiH + and Si + ) by varying the hydrogen dilution ratio in argon-silane-hydrogen plasmas. PECVD nc-Si:H deposition shows that a critical point of relative densities is obtained as the SiH + radical reached a threshold value at R~30 (SiH 3 + radicals remain almost unchanged, pink bar). This study shows significantly different plasma composition at different silane dilution in hydrogen (R = 5-40), validating that SiH + is the dominant radical in the growth of nc-Si:H layers, [44] . Therefore, in the range of R = 30 and 40 of high silane dilution, QMS experiments confirmed that nano-crystalline silicon (nc-Si:H) growth is closely related to the depletion of higher silane radicals [42, 45] .
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Conclusions
Hydrogenated nanocrystalline silicon (nc-Si:H) thin films were grown by the PECVD system. The results show that as hydrogen dilution ratio (R) increases, the deposition rate decreases. It was also revealed by low angle XRD and Raman spectroscopy that nc-Si:H films can be induced via the adjustment of hydrogen dilution ratio (R). Moreover, FTIR spectroscopy indicates that the shifts of predominant hydrogen bonding (from Si-H to Si-H2 and (Si-H2)n bonded species) are closely related to the increase in the hydrogen dilution ratio (R). At the dilution ratio (R = 40), nc-Si:H films have a crystallite size of ~2.3 nm with a degree of crystallinity and ~89.2% were obtained with a low hydrogen content (CH = 7.45%) at moderately low deposition rate (0.69 Å /s). Furthermore, the QMS plasma diagnostic tool also confirmed the existence of a direct correlation between nc-Si:H film growth and the SiH + radicals film, via the tuning of a hydrogen dilution ratio in the range of 5-40. Overall, this study shows a good and important correlation of plasma characteristics by in situ OES/QMS and the end resulted in film characteristics by XRD, Raman and FTIR, for the transition of a-Si:H to nc-Si:H film by a hydrogen dilution ratio. 
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